logical, neurological, renal, and reproductive systems. The Occupational Safety and Health Administration's 1978 lead standard (29 CFR 1910 (29 CFR .1025 seeks to protect employees by establishing regulatory guidelines to help employers monitor lead exposure, conduct medical/ health surveillance testing, and provide medical removal for those employees manifesting BLLs above 60 micrograms per deciliter (ji.g/dl) .
This article describes how a proactive industrial hygiene strategy incorporating an effective health surveillance program can provide the necessary level of protection to all workers, including individuals with an increased exposure risk due to nonoccupational factors. It describes the health surveillance program developed and implemented by one Fortune 500 manufacturer of customized electronic products. The article focuses on the hygiene requirements, guidelines for surveillance, and evaluation methods of program effectiveness. A special circumstance is the fact that a significant majority of the employee population in this company is Asian (includes Filipino, Vietnamese, Chinese, Japanese, Korean, Cambodian, Malaysian, and Taiwanese).
BACKGROUND
In 1978, OSHA issued a standard for workplace exposures (29 CFR 1910 (29 CFR .1025 . The lead standards were created to protect workers by having employers comply with regulated standards. The lead standard exposure limit is 50 mg/m" for airborne lead in an 8 hour period. Employers must provide education, respiratory protection as needed, and a surveillance program.
Lead toxicity may result through inhalation or ingestion from exposure to lead dust and fumes during occupational processes such as grinding, welding, or soldering.
The OSHA also mandates a temporary medical removal from the lead bearing workplace when BLLs are 60 ug/dl and greater.
Although OSHA has strict lead standards, the Occupational Lead Poisoning Prevention Program (OLPPP) reports: "Studies have shown that fewer than 10% of employers in the lead industry provide routine BLL testing." Because noncompliance of employers is not unusual, it is not surprising that the OLPPP's investigation for the 1993 to 1994 year also "revealed there was a serious lack of awareness of lead hazards, even in industries where the risk of lead poisoning has long been known to occupational health professionals" (Cabrera, 1995) . The OLPPP was established in 1991 as a branch of the California Department of Health Services. The OLPPP receives and records all reporting of BLL for employees age 16 and older. The data are collected and recorded by the California Occupational Blood Lead Registry (COBLR).
Although lead has been used in the workplace for centuries, it continues to be a problem for many occupationally exposed workers. From 1987 to 1990, the California Department of Health Services (CDHS) received 17,951 reports of lead exposures greater than 25 ug/dl including 232 cases with severe lead toxicity (>60 f1g1dl). Of these 232 cases, 182 were interviewed and 94% of these cases involved occupationally exposed workers (CDHS, 1997) .
Sixty-four percent of the cases reported to the CDHS from 1987 to 1990 claimed to never have received any training about health risks from lead exposure (Mazlish, 1993) . Education provided to employees about health risk behaviors associated with beliefs and work habits increases their level of awareness. The CDHS (1997) notes the implementation of training as it relates to the employee's daily work practices and behaviors reduces the risks of overexposure to lead.
When planning for worker education related to lead, it is important to look at the employee population. Minority workers in the United States historically have shown high lead levels (CDHS, 1997) . Contributors to this may include lack of formal education in addition to personal practices and work habits. Employees must be an integral part of any health surveillance program. Implementation and assessment of program effectiveness should include 236 evaluation of blood test results, education specific to the employee population, and engineering controls.
The 1997 COBLR report of workers tested noted that 56% of the population with BLLs greater than 25 f1g/dl was Hispanic. Alexander (1989) concluded that in reference to regulations and surveillance directed toward minority workers with lead exposure, "these efforts have had uneven success in eliminating workplace exposure."
Several studies have shown a correlation between Asian ethnicity and increased BLLs. It appears there may be some forms of exposure to lead unique to the Asian population (Simon, 1989) . Known sources of lead exposure are from the natural environment (soil, air, water) and leaded gas. Many studies conclude that Asians may have higher BLLs due to nonoccupational exposures such as dietary habits, cultural beliefs, folk remedies, pottery used in cooking and eating, and cosmetics. One specific action of lead in humans is the suppression of porphobilinogen synthase, a zinc metalloenzyme, which is possibly genetically related. However, genetic susceptibility related to ethnicity has not yet been established (Jaffe, 2000) .
EFFECT OF LEAD ON HUMAN BODY
Lead Dispostion in the Body Lead toxicity may result through inhalation or ingestion from exposure to lead dust and fumes during occupational processes such as grinding, welding, or soldering. Elemental lead is classified as a poison, serving no useful function after absorption by the body. Absorption through the skin may be specific to the type of lead exposure. If absorption occurs, lead can be transferred through the bloodstream to several major organs. However, the primary site of deposition is in the bones. Lead intoxication is not necessarily a result of acute (high doses at any one time) levels of exposure. Lead can accumulate in small quantities over time with a slow excretion rate, causing lead poisoning (Agency for Toxic Substances and Disease Registry [ATSDR], 1995) . Lead intoxication is a direct result of the total body burden of lead. Acute and chronic effects of toxicity may be apparent throughout the body's hematopoietic, nervous, renal, and reproductive systems (Landrigan, 1990) .
Children and pregnant women are most susceptible to lead absorption. As a result of stress during pregnancy, the body also may increase lead absorption and promote calcium or iron deficiencies. Because children have high metabolism, they are at greater risk and can absorb up to five times more lead than adults (CDHS, 1995) . Further, Davis (1987) concluded children and fetuses both can show "undesirable developmental outcomes from lead levels as low as 10 f1g/dl."
Hematologic Effects
Two types of anemia may result from toxic levels of lead exposure. These include hemolytic and chronic anemia. Hemolytic anemia is the result of an acute increased level of lead. Lead damages the red blood cell membrane, resulting in a fragile cell that is quickly destroyed. Anemia, resulting from chronic exposure, interferes with ery-thropoiesis and is not an early symptom of lead poisoning but the outcome of a prolonged elevated lead level (ATSDR, 1995) .
Neurologic Effects
Lead exposure damages the central nervous system even at levels in the blood below the permissible exposure limits (PELs). The symptoms may be subtle to severe. Early signs include behavioral changes, fatigue, and a lack of concentration. Later signs may include damage to the peripheral nervous system, affecting the large myelinated motor fibers. Severe central nervous system manifestations include neuropathy, coma, convulsions, and, in severe cases, death (CDHS, 1995) .
Renal Effects
Effects of lead on the kidney include hypertension, neuropathy, and kidney malfunction with prolonged exposure. Previous studies have shown a correlation exists between elevated lead levels and blood pressure, a consequence of the renal system (Grondona, 1993) . Other studies have shown high lead exposure increases nonmalignant renal disease (Silbergeld, 1990) . Even low levels of environmental lead exposures during a period of time can affect renal insufficiency (Lin, 2001 ).
Reproductive Effects
Lead poisoning negatively affects both the male and female reproductive systems . It may be responsible for miscarriages, spontaneous abortions, and decreased fertility in women. Not only is the viability of the fetus affected, but the maturation is affected as well. Lead is known for teratogenic effects leading to premature births, low birth weight infants, growth retardation, and congenital anomalies (ATSDR, 1995) . In terms of the male reproductive system, studies have shown that a long duration of lead exposure may result in an abnormal or reduced sperm count (Landrigan, 1990) . Further research is needed to confirm the findings. One study using mice suggested dietary nutrients may influence the transfer of lead from mothers to the fetus (Mahaffey, 1990) .
THE HEALTH SURVEILLANCE PROGRAM
Historical Perspective The OSHA's lead compliance program was originally established for the general lead industries in 1978. In 1993, the construction industry was added to the lead standard. California's Division of OSHA (CAUOSHA) adopted similar regulations to general industries (CDHS, 1997) .
A worldwide provider of customized electronics manufacturing services began a health surveillance program to comply with the lead standard. This Fortune 500 company applied the lead standard to all manufacturing operations where lead is used, including computer chip manufacturing and surface mount technology (SMT) where solder is used to adhere components to PC boards. As part of its continuous improvement in the quality of all operations, the lead surveillance program was established specifically to address an ethnically diverse Asian population. The program has been in operation for more than 8 years. 
Assessment
Exposure risks in SMT operations. In this manufacturing environment, lead solder is used in a soft wire form for spot bonding or touch up applications. It is used in bar form in wave solder operations. Solder paste is used in screening operations in the SMT process . Lead solder volatizes at approximately 700 OF, although working temperatures are considerably less than this (approximately 480 OF to 500 OF). The greatest risk of exposure occurs when handling the solid solder and during cleaning operations. Ingestion is the single most common route of exposure. Dust generated during cleaning operations afford the greatest risk of ingestion (Olishifski, 1981) .
Riskfactors. Eighty percent of the employee population involved in the health surveillance program is Asian. Environmental and personal testing (industrial hygiene sampling, blood sampling) was conducted to determine occupational lead exposure risk. However, the question posed was, "What other sources of lead exposure, aside from occupational ones, might increase an employee's risk of increased blood lead levels?"
The U.S. Equal Employment Opportunity Commission reported that "minorities tend to be overrepresented in lead industries" (Alexander, 1989) . Alexander (1989) reported that "these minority workers tend to be concentrated in the jobs within the industry which have greater potential for lead exposure." The 1993 to 1994 Report from the California Occupational Blood Lead Registry reported that 56% of adult workers in California were "culturally diverse ." Minority populations often work in areas with a high potential for exposure to lead (Alexander, 1989) .
Nutritional intake is a form of environmental contamination. This may be caused by lead contamination where the food is produced . One study collected rice, a staple in Asian diets, from various parts of the world and found that the lead content in rice differed from one region to the next within the same country. The authors concluded the regulation and reduction of leaded gasoline in Malaysia may have offered a reason for a decrease in the lead content of the rice from that country (Zhang, 1996) .
Some studies report evidence of a correlation between high lead levels in different Asian populations and diet (Kolev, 1996; Simon, 1989) . Calcium supplementation may be important as an intervention for reducing the impact of lead exposure because many Asians are known to be lactose intolerant. Calcium rich milk products may be avoided in the diet. Low calcium diets can result in high lead levels, therefore increasing the deposition of lead in the bones. Mahaffey's (1990) study found that rats given low calcium diets had higher lead concentrations in their blood than those with normal calcium levels. A further finding indicated that iron deficiency may result in increased susceptibility to lead toxicity (Mahaffey, 1990) . The Asian diet, consisting primarily of vegetables, starches (e.g., rice), and only small amounts of meat or other iron rich dietary sources, may increase the risk of lead toxicity.
Folk remedies, cosmetics, and cultural habits also increase the risk of high BLL in Asian populations. Home remedies containing lead are commonly used to treat gastrointestinal problems or infections. In an early study, a baby tonic sold in an Indian store resulted in lead poisoning of an infant (Aslam, 1979) . The tonic was labeled as curing conditions such as bronchitis, diarrhea, rickets, croup, and convulsions. Lead compounds are sometimes applied to neonate umbilical cords as a part of the birthing ritual in Asia (Trotter, 1990) .
Surma, another folk remedy, is applied to the eye for medicinal healing as well as used as a cosmetic. The belief is that Surma protects the eye against disease and may also enhance the appearance. Testing of this folk remedy revealed a lead concentration up to 86% (Aslam, 1979) .
An additional issue is the potential exposure to lead in the home and community environment, such as lead based paints and leaded gasoline. Although no longer produced, prior use of these products resulted in lead contamination in both air and water to an extent that is still of concern. Older structures that have lead based paint are still a cause of lead poisoning in children. Although this paint was banned after 1978, one in four homes still contains lead paint (California Department of Health Services, 1995) . Likewise, while the EPA enforced reduction in leaded gas in 1983, the lack of regulation in other countries still poses a problem. Furthermore, as of 1988, 430 million gallons of leaded gasoline were still used in the United States. Some of the gasoline was used in farm vehicles exempt from the EPA's regulation (Silbergeld, 1990) . Lead in water is another environmental risk and may be the result of "untreated urban and industrial wastes, drainage of wastewater into the subsoil, use of excessive amounts of fertilizers, or pesticides and other agricultural practices" (Cabrera, 1995) .
Lead standard. The OSHA lead standard 29 CFR 1910.1025 is comprised of the following:
• Legal exposure limits.
• Medical surveillance.
• Medical removal protection.
In the workplace, OSHA regulates exposure limits for airborne lead. The measurements are defined as the action level (AL) and the PEL. The AL is 30 micrograms of lead 238 per cubic meter of air (30 ILg/m 3 ) averaged during an 8 hour workday. If the contamination is greater than the AL: • The employer must conduct air monitoring every 6 months.
• Employees must be informed as to the extent of their lead exposure.
• Employer must establish a health surveillance program.
The PEL for lead is 50 ILg/m 3 averaged during an 8 hour workday. If the PEL is greater than the exposure limit, the employer must:
• Perform air monitoring for lead every 3 months.
• Notify employees, in writing, of the air monitoring results.
• Provide employees with respirators and prohibit any food or beverage consumption in the work area where lead levels are above the PEL.
• Implement effective hygiene programs and provide showers with a changing room to employees.
Medicallhealth surveillance must also be implemented, according to OSHA's standard, if exposure is above the AL. All costs are paid for by the employer and include:
• A medical history.
• A complete physical examination.
• Annual BLL testing.
If an employee's BLL is greater than 60 ILg/dl or an average of 50 ILg/dl or more for 6 months, the employee must be removed from the possible exposure and thoroughly reviewed for potential root cause of overexposure in the workplace. All pay and benefits must be continued until the employee's BLL is below 40 ug/dl and may return to work when engineering or procedural changes are in place to prevent exposure.
Program Planning and Implementation
This company has taken a proactive approach to reducing the risk of occupational lead exposure. A team approach was used to develop the health surveillance program for lead protection within the company. The team members consisted of the occupational health nurse, the safety engineer/industrial hygienist, and the hazardous waste specialist. The team reviewed past practices, programs already in compliance with state and federal regulations for current processes, and products used in SMT operations.
The role of each member of the team is important. The occupational health nurse provides training, schedules the BLL testing, discusses the results with employees, and compiles the BLL records. The safety engineer/industrial hygienist completes the personal surveillance air monitoring and wipe sampling, compiles the data from these tests, and periodically tests the ventilation equipment to ensure proper capture velocity. This team member ensures that employees are following proper manufacturing procedures. The hazardous waste specialist ensures dross and other waste materials containing lead are properly stored and transported, containment vessels are of the proper size and quantity, and transport is regularly scheduled according to legal requirements.
Identifying program participants. The company established a health surveillance policy to comply with the
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TLV. 50 uglm' OSHA lead standard. The policy was implemented site wide as part of the ISO 9000 Quality Program and includes all employees working with lead solder (solid or paste). Job tasks include wave solder and solder fountain operators, screen printer operators, and maintenance employees. All these employees must have their BLL tested annually. The ISO 9000 Quality Program seeks to continuously improve performance. The team chose a significantly more conservative approach to the implementation of the OSHA Lead Standard. The AL chosen was 20 ug/dl rather than the 60 Ilg/dl established by OSHA. This fulfills the quality issue of improvement and makes certain employees are protected. As part of the continuous improvement process, the team also tries to achieve lower overall average BLLs each year.
Preplacement blood specimens are obtained to establish a baseline lead level. Thereafter, each of the employees at potential risk is tested annually and within 30 days of leaving the work area permanently. The purpose is to identify any possible BLLs exceeding the permissible limits.
Methods for blood specimen collection and processing. Besides regulating workplace testing, OSHA issues a list of laboratories approved for blood lead testing. Blood lead "is the preferred marker to evaluate lead exposure" (Nuttall, 1995) . Contracted clinic personnel conduct all screening tests at the worksite. The venous sample of whole blood is collected in a tube with a purple or royal blue top containing ethylenedinitrilo tetraacetic acid (EDTA) or heparin. Each sample is sent to the Medtox" (St. Paul, MN) laboratory, where it is assigned a number. Lead levels are determined by atomic absorption spectrophotometry (AAS).
The control procedure is:
• One control for each 30 BLLs is processed.
• One internal quality control is analyzed after every 30 samples.
The occupational health nurse monitors and records all documents, and informs employees of all laboratory test results within 5 working days of receipt. A copy of these results is provided to the employee and a second copy is retained in the employee's medical record. After a thorough review of all laboratory documentation, an aggregate of data (composite of all blood lead samples averaged) is given to management along with the laboratory results of industrial hygiene monitoring. When appropriate, the employee is also informed of the industrial hygiene sampling results.
Air monitoring. Air samples are collected by placing precalibrated pumps and filter cassettes on employees during the actual process of cleaning the solder residue from the wave solder machines and the solder pots. Wipe samples also are collected on surface areas of machines, light fixtures, rafters, and floors to determine the amount, if any, of lead dust present in the environment.
Methods for air monitoring. The air sampling for lead is conducted using mixed cellulose ester filters housed in plastic cassettes. The cassettes are connected by plastic tubing to pumps set at a sampling rate for metal dust or fumes of 1.7 liters per minute (11m). Flow rates are checked before and after sampling with a flow meter to ensure accuracy of the data. Samples are collected at or near the breathing zone by attaching the cassette to the employee's collar. The pump is worn at the waist. To obtain a representative sample, the employees who participate are asked to conduct their work in a routine fash- ion. If the task occurs both before and after a scheduled break or lunch, they continue to wear the collection apparatus during the entire period. The filter media is analyzed by a laboratory accredited by the American Industrial Hygiene Association (AIHA). Analysis for lead is performed using flame AAS in a standardized National Institute for Occupational Safety and Health (NIOSH) procedure. Analytical data are sent to the industrial hygienist and also are kept on file by the laboratory.Air monitoring is conducted in areas designated by the safety engineer and industrial hygienist as having the greatest potential for lead contamination. Results are reviewed by the industrial hygienist and compared with BLLs of employees to assure engineering controls are effective.
Wipe samples. While surface contamination does not directly correlate to airborne exposures with respect to the lead standard (the standard refers only to airborne dust or fumes in the PEL), it is still a concern. Employees may touch lead dust contaminated surfaces and then transmit this to themselves. Furthermore, disturbance of this dust may cause some to become airborne and, thus, a hazard to the employees. Wipe samples are routinely taken to monitor workplace conditions. Remedial action is taken when these conditions exceed the standard. Because no federal or state standard for regulation of surface lead exits in this industry, HUD's Interim Clearance dust standards were chosen as a reference point. These standards apply to acceptable limits for housing. While HUD's AL is 10.8 j.Lg/lOO cm-, the team decided to take 240 a more conservative approach and set 5 Ilg/lOO em? as the AL because of the industrial environment.
Wipe sample methods. Wipe samples are performed by laying out a 100 square centimeter pattern (10 em per side) and wiping the total area with a paper filter in an "S" pattern. These filters are then placed into vials for shipment to the laboratory for analysis. New gloves are used for each sample to avoid cross contamination. Wipe samples also are analyzed by an AIHA accredited laboratory using standardized NIOSH methods.
Personal protective equipment (PPE). To minimize lead exposure, employees are required to use personal protective equipment. All PPE must be approved by the environmental health and safety department before distribution. Employees are informed not to purchase or wear nonapproved PPE. The types of PPE worn are specific to the exposure level of lead. The following PPE is worn by employees while using lead or compoundscontaining lead: • Safety glasses.
• Smock.
• Apron.
• Heat resistant gloves.
• Heat resistant sleeve guards.
• Safety shoes.
• Disposable latex or similar gloves.
Training related to the types and use of PPE is provided at new hire orientation. The orientation is conducted by the occupational health nurse and other environmental health and safety department staff. In addition, when employees are assigned to their designated areas, their supervisors issue PPE and reinforce the types of equipment the employee is required to wear.
To prevent family member s from being exposed to lead dust, employees hre educated about personal hygiene practices that must be employed after working in areas with potential lead exposure. The following are examples of these required practices:
• Wash hands both before and after using the bathroom.
• Change into clean clothe s and shoes at work before going home.
• Wash face and hands with soap and warm water before leaving work.
• Takea showerand washyour hairas soon as you go home.
• Employees should never take smocks home to clean because they are potentially contaminated with lead. Dirty smocks are sent to an industrial laundry. Disposable smocks and gloves must be placed in designated lead debris containers.
Along with PPE training during new hire orientation , employees are trained about route s of entry, signs and symptoms of lead toxicity, preventive methods such as engineering controls, admini strative controls, exposure limits, and medicallhealth surveillance procedures. Throughout the history of the health surveillance program, the results of the BLLs were all below OSHA' s action limit of 60 ug/dl (see Figure 2 on page 240). All of the levels were also below the compan y's AL of 20 ug/dl. The total number of samples was 937.
Program Evaluation
The team reviewed the average BLL during the past 6 years to evaluate whether improvement was apparent through lowering lead levels with engineering control s and education. The average of the BLL test results for the years 1994 through 1999 are presented in Figure 3 . The average BLLs for the years 1996, 1997, and 1998 are not significantly different at the 95% confidence level as shown by analysi s of variance. This means that the average BLL for these 3 years is essentiall y the same with the true average somewhere between 4.6 and 5.2 ug/dl. Overall, the picture of the BLLs through the entire period of 1994 to 1999 is one of decreasing values, indicating a positive outcome of the health surveillance program over time. The improvement in the average BLL between 1994 and 1999 indicates the program is having the desired outcome. 
Occupational Health Surveillance Strategies for an Ethnically Diverse Asian
Employee Population.
CONCLUSION
Incidence of high BLLs in industries using lead can be controlled, even in populations where the racial and ethnic backgrounds present potential additional risk. An effective health surveillance, education, and IH program vastly reduces the risk of overexposure and increases the likelihood of providing successful interventions before ALs are reached. Such programs help maintain both state and federal standards in addition to the safety and health of employees and their families.
